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Accretion disc bouIIclaIy  layer IIIOCICIS  lIa\cI bcwII calculatd  for various Systmllsl  Ilsing

a  CHIC din]m]sional  time dqmldmt  II UIIICIi Cal mdc. At higl] a c c r e t i o n  mziss xatcs A~ w
10-4  A4(:)/{y,  or lcm’ value of tllc viscosit~’ ])araIIlctcr  n x 0.001 - 0.01, (Cl]arac.kristic  of F’U
Orimli  systmrls a]Id  smnc Sy]]ll)iotic  stars) tl]c c)])tical  t}]ickncss  ill tl]c iI]ncr  part, c~f tlIC disc
l)[:c[)lIlcs  v e r y  large (T >> 1) .  ‘1’lIc disc,  uIlal  Jlc to cool Cfiicicl]tly, Lw.omes  gcx)]llctricall~’
tlliCli  (11/7” x 0.5), tllc CHlcrgy  dissi])atccl  ill tllc d y n a m i c a l  l)ou)lclwy  laycx i s  r a d i a t e d
out lvard  to larger radii aIlcl advcctccl  into  t llc star. I’llc  boulIclary  layer luminosity is oIlly
a fr<ictiwl of its cxpcckd  Value , tl]c r e s t  o f  tl]c  CIIcrgy  is advcc.tcd  i n t o  tile star. ‘1’hc
fractiol] of tllc aclvcctcd  clIcxgJ’  is ( = L,,,(,l /Lc,cc x 0.1 i,, syb~nl,ic,tic  s tars  (accrcticnl ol]to
a low-IIIass  Illain-sequmlc,c  star)  aIIcl  ~ x ().2 ill I“LJ Ox-io]]i systems (accret ion o]lto a ])M
]I]:ii]l-scc]llcl]cc:  star).

li(’~WOl’dS:  acc.rctio]],  accretion discs - stars:  ])lc-]l]ai]l-scc~l]cllcc  - binaries: syll]biotic
]Ilct]iocls: I)lll]lcrical
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A1]otl~cr  iln]mrta]~t  ]) JOCCSS i]] tl]c tllcory  of accrctio]]  discs, is advcct,ioll  of mlmgy.  A
fmv s tud ies  were  ca r r i ed  out, 0]1 this sul).jw.t ill thick  discs (Ik:gel]]la]]  & h4cicr  1982) a]]d
slilll discs (A blal I]mvicz et al. 1 9 8 8 ) ,  a]Id IIIOre rwcntly ill ol)tically tllil] discs (hTaI’ayaII
& Yi 1994, 1 995; Abrall-lowicx  et a l .  1  995)  aII(i ill bouIldaly  layas (Narayall  & l’oplIaIn
1 993; l’o])hm  et a]. 1993; CO C1 OII  1 9 9 6 a  & h), Ad\wtioll  bccmllcs importal~t WIICH1  tl]c
cooli]]g t,illlc of tl]c accretion flow is loIlgcI  tlla II tl]c radial  ilJfall  tiIl]c: tllc  illflowiIlg  mat,tcr
cal]l Iot cool cfficiclltly  aIId is accrctcd wit]]  its clImgy  co]ltmlt. ‘J’llis situatio)l  arises UFIICII
tl]c c)})tical  tlliClil]CSS  i s  v e r y  sIIIall (g;as ])xcssLIIY  (lo]lli]latc(l-flo~t’”  w’itll  i]lcfficicmt cc)oli]lg)
01 very large (radiatio]]  pressure  clo]l]i]latccl-flc)lt~, W’I]CHC (lIC raclidtioll  is trap] )cd), or just
Jvllell  tllc  radial  i]] fidll velocity is very lligll (t, ]a]]sol]ic  solutions). Collscqllcllt,ly,  advwtioll

]Iatura]ly  hal)])cIIs  in accretion  d i s c s  at citl]cr wry 1o11’ or very  llig]l  accrctiou  lIIass  rak.
lk!lltually, tllc a[lvcctd Cnc]’gy I’c?lcllcs  (11(’ inllcr hmcky -  tl lC O[ltcl’ Smf’ac.c of tl 1(!

accrctillg ol.).jcct. I f  t h e  accrctil]g  ol)jcct  is  a l)lac.k l]olc, tllcn tllc  aclvcctcxl cllcrgy i s
‘lost,’ ljryo]]d  tl]e  l]orizoll. 01] t]lc otl]cr  lla]]d,  if tllc  accrcti]lg  oL)jw.t  is a s t a r ,  tllcll  t h e
(’11(’I’:;Y  is advcctcd  i n t o  tllc OLltCI’  St,cllar Cmdc)]). IIowcver, i]] t h i s  latter case, tl]c  alcrgy
:i(lvcctcd  il]tlo  tile  star, was mainly clissipatcd  in tlIc l.)oul Idal’y layer (Gc)doll  199621  &? L).
(~[)llscq[lclltly,  tile  I)<)l]]]dary  l a y e r  mnissio]]  is IIlissillg  ill t,}]csc systcllls,  wllic]] is i)] fact
u~llat,  tlIc ol.)sclvatiolls  S11OW (’l~I_J  ()]iollis, Kc]lyoll,  IIartlilallll  & Ilcwdt 1988; Sj’lnbiotic
l)i]]arics  AX l’crsci  & Cl Cyg]li,  I{CI]!’OIJ  ct a l . 1 991 ,  h4ik~)lajcwslia & I{c]I~o]I  1992).

III tl]c bouIIdaI-y  layer rcgio]l  tl]c ]aclial  il]ftill  velocity is la]ge (it call CWCII I)( Su])ersonic,
(Iq)mldil]g  011 tllc  assuln])tioll  011 tlIc viscosity) aIld tl]c tml-]])uaturc  is lligll (i]] co]]j])ariso]l
to tl]c disc tc]~ll)cnaturc).  ‘1’l]crcfore, oIlc cx])ccts advcc.timl  of alcrgy  to he IIoll-]lcgligil)lc
t 110’(’. 111 (xtrul”lc C.as(’s, Wll CII t,l Ic l)OIIIl[]ZIY~J  lZIyeI ctillllot c o o l  cffic. iclltly, tjllc  advcctiml. .
of” cllc]gy i s  actu?ll]y  tllc  coo]illg  ])roc.css  wllic.]1  tm]ds  t o  stabili7,c  tile  i]lllcr  })altl o f ’  tllc
(Iisc (A1.)ra]]]owiu  et al. 1 995).  h~u]]]crica]  si]]]lllatiolls  of accrctio]]  discs bouIIdaIy  layers
(NaI’ayal]  & l’o])llank 1993;  I’o])lIaII)  et a]. 1993) l)a~c sl)ow]) tllc  il)ll~orta]]cc  of advccte(]
(>l]tro]~y  ill tllc  i]l]lcr Iegiol]  of tllc  discs  ill two cxtrc]lle c a s e s : wl]cll tllc  o])tica]  dc]~tll  i s
cit,llm very s]nall  ( T << 1 ) or vc].y large (7 >> 1 ). IJowcver, tllcsc rcsu]ts we re  ]I]ai]lly
(J[dit?ltiv(!  ?i.]ld 1)() (]lltilltit?~tiv~  t,l”~~t,lllcl]t, of th~ ~idv(’c.tio]l  i]] tl]c l)()[lllc]?l]’~ la~cl’  )’(!~io]]  l]as
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2.1 I’kjuatiol!s  2LIJ(I assuln])tiolls

ecluatiolls arc writtcm ill c y l i n d r i c a l  coor(li  Ilatcs (7, qf), z), ali(l arc v e r t i c a l l y  il]-

Assulnillg ax i - symmet ry , tllc ranailling  cquatiolls I)ccome Ollc climcnsional  (in

il]clude tllc gravity  o f  tlIc accrctillp;  star, v i se .mi t s  .311c1  radiat ive trallsfcv trcatd
ill tl]e difl’usioll  ii]>l>r[)xilllatioI1. Radiatic)ll  j) Iwsurc i s  fu;tller talicll  iIlto  acxoul]t  in tllc
Cqllatio]l  of state. ‘1’lle lI]eclium is assuInd  t{) t.)c optically  t h i c k . ‘1’11(’  C!xact form of t i l e
qllatiolls  a]]d tllc l)llysical  assum~)tiol]s  llavc  bcml  widdy  dmcrild ill  Godoll  ( 1 995), and

Godoll  ct al. (1 995).  g’llcrcfore,  only a l.~ricf dcscript ion of the assllln~)t  ions  are givcm l]cre.

tl]c  cOllscr\’atioIl  of radial  momaltu]n

:/ (1),.X) =- -:: [?’?),. (?),.3:)] -{ I’XQ2 -- +“:4- - g -{ 1:,,,, 1 .-

tllc  conservation  of allgu]a] Illolllclltlllll

(1)

(3)

(4)



(5)

(6)

il)itial collciitiolls  a]c
of Ill?ltt cr.

GK1OI1 ( 1 !396a).  ‘1’11[’
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Ilas I)(’C11  d(wclo])cd  r[’c(!l)t  ly to t r e a t  a s t  r(q)llysical  flows and )ecn a])])lictl  to o ] J ( -
, (;0(1011 (’t al. 199:)).

Accrctiml  disc })cnllldary  layers llavc  l)(e)] ]llodcld  using  tllc above  tilnc dc])clldc]lt
)l~ctllod to treat I)oulidary  layers aroul]d  wl]itc dwar fs  (in ~~ataclyslnic  Varial.)lc  systclns,
G()(l()]l 1995; GOC1OI1 et a ] .  1995),  l)rc-lnaill SC(lUCIJCC  s t a r s  (rJ’-”J’auri  aIlcl  FU  Orio]lis stars,

G(K1o I1 199&I),  aII(l  IOU’  Inass  main scqumlcc  s t a r s  (Syml)iotic  .4X Per a]ld  (~1 ~’yg, GOC1OII

1 9961)).  III tllcsc ca]culatiol]s  tile  cncrg~r  dissilmtw!  ill tl]c dyl]alnical  I)oulldary  layer (rcgioll
ovm wllicll tllc allg{llfir vdocity  ill tl]c inllm l)art of tllc  d i sc .  decrcascs fronl its IIcl)lcriti]i
valll(,  t,o adillst  to t]]~ s]owl}~ r{)t,atillg stC]]ar sulfaC,C)  is rac]jat,cc] radially  OUt WHrd all{] llCatS

(1]) a ]]luc.h wider region (tllc tllcn]lal  bcmndary  layer, region over wllicll  tllc  t(:lll~)clatlllc:

is sigllific.a.l]tly  larger than tile disc tcm]m’aturc). ‘J’llc bou]ldary  layer micrgy is t ]lcrcfore

mllittcd  from a ra the r  l~road rcgio]ll a]id  tllc tcml)matum  is collscquclltly  rat)l]er  low.

3. R. I’;SIJI;I’S

S e v e r a l  Illoclcls mfcrc  run for Sylnl.)iotic  stars a]ld  Young Stdlar 01.)jects.  ]’rclimillary
resu l t s  were  plll)lishecl  earlier (Gc)doIl 1 996a  L?. l.J). 1 1 1  tllc!  prc!mlt  work  M’c C’ollc.clltratc

lllaillly”  011 tllc effect of advcct,  ion in tllc  sc)lutiox]s.  Once a~aill, lnore details oll tllc l]lod(:ls
a]ld tllcir  result,  s call bc foulld in the  ahovc rcfcrcnccs,

We rcca~)itulatc tl~c ]naill  results of tl]c  runs  ill ‘1’able 1. ‘J’lle ilnportallt  ill])ut  ])araln-
Ctcrs arc tl~c al])l)a v i s c o s i t y  ]Jaramctfcr  and tllc mass accrct,ion  r a t e . l’or  tllc! sylnbiotic.
s t a r  I/* =- o.m~, and  M,  = 0 . 5  A10), wl]ilc  for tllc  I)relnaill  scqumcc star (F’[J Oriouis)
1{, = 4.31/.0  allcl A4, = A4C). T1lc cffcc.tivc tcln]mraturc  ill tllc inner  region  c)f t i l e  d i sc  i s  c)f

t I]c mdcr of % 10:’1{ in syh!nbiotics  and Z3 1041{ for YSos.  ‘J’llc importallt  out])ut  paraln-
ctcrs arc tjllc half  tlliC.lillCSS c)f tllc disc 11, t)llc sizr of t llc thmvnal t) OUIldal’jr  layer (Jjj’j,  ),

tl)c size c)f tllc clp~amical Imunclary  l a y e r  (fij~,~ ), and tllc  ratio of t~lC a~~vCctc~l  Cl”lCrgY to

t IIc accrctioli  energy ~ = 12adt, /lJ(, cc. 111 tile l)rcsc]lt  calculatiolls, tllc resul ts  are exact to

ol)]y R few ])crccllt,  due to 10CX1 oscillaticnls  of A4 (GodoII  1995).

1]] Symbiotic stars, aclvcction  bcconlcs  sigllific.allt (( X 0.1 ) as tllc mass accrctiml rate

a])l)r(mchcs  1 0-”4A4~)/y  (t,llis  )nass acc.rdioll  r a t e i s  ill fact c l o s e  to tllc I’;cldingtml  limit,

llip;~d  = 2.5 x 10- 4 A40)/y).  7’lIc o]mcity  sc)urcc ill Syllll)iotic.s  i s  dcctron  sc.attcri]lg  w}licll

is collstallt. ‘J’llc advcctic)lJ  i s  thcrcfc)re  Illaillly  dominated  I)y tllc illcrcasc of At. ‘J’llis  i s
slio\\TIl  ill f i g u r e  ] ,  W1lCIC wc draw all t}ie  syr)lbiot,ic  III()(ICIS  jIJ tl]c (n, A4) l)lallc.  Advcc. tiol]

(10(’s  IIot S(!cll”ls to d(!])clld  Strmlgly  0 1 1  n , l)ut’ I’atllrr’  011 A4.

11] tlhc ctisc o f  tlllc YSos, tllc situatiml  is  diffcrcllt.  111 Table 1 we scc t h a t  aclvcctlic)ll
a])]~cals (~ H 0.1 ) at lligll accrctim)  ,~}ass  rt,tcs or for lo~v va lues  of CY (I}crc tjl]c l~ddingto,l
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]“ll~t]  lCI’lIIC)I’C,  a l l  t]le s y s t e m s  ca]culatcd hm, ill wl)icll adl’ectioll  is noll-llegligil.)le  ill
tll('l)c)[lllclary  layclI(:gi()ll,  ?llccll  arz]ctcriz[cliIl  tlicil)ller]~alt  c) ftlJeclisc l)ya Ilc)ll- I{c~jleliall
Ic)tatjiol)  law’ (Q < f)],), a vcrt)ical  tllickllcss 11/r % 0.5,  tl]lclallllllillc)sityl,  < I,JI[,  (CJOCICM1
1996a & b). ‘-1’IIC  illllcr  rcgiol]  of tile  disc.  is  collsistmlt  lvitll tlic  acl~~cc.tic)ll-  clc)ll-li]latcclf  lc)~~
a s  dcscribd  Ly hTaraya Il & }’ri ( 1994, 1 995).  7’l)c  olltcl. pa r t  o f  tl)c clisc., llowcvcr,  call  hc
rc])resc.lltcd  by tl]c st,al]dard tllill  disc c)f Sl]akLtra & Sunyac\’  ( 1 973).

4. l) IS(:lJSSIOIVS

Sil~cc  WC ill’(’  IIot collsidcril)g  a blaCli  l]olc IYIICW  tl)c  Cllclgj’  i s  s w a l l o w e d  l)cyolld  tllc
llolizon,  wc nave to collsidcr  t l]e fate o f  tll( advcctcd mlcrgy. 111 tllc prcsclit  s i t u a t i o n
tllc  Cll(:rgy i s  advcctcd into  tlic  outer Clivc]o]) c)f tlic  ac.crct,illg  star. l’riall]il( & ],ivio
( 1  985) l]avc  sllou~,  that  a fully  col]vec.tiie still  of 111:1ss  ().214@, accrctillg Illatt,er at a

rate A4 x 1 ( )-  4A4C)/~y  c-an j]]c.]casc its Tfidills  i f  i t  is  gainil]g a significant,  fractiO1l c)f t,]lc
;Iccl’ct loll Cllcrgy = 0.1 I,a[( . 111 tllc  c.asc of tllc’  Syllll)iot)ics,  all tllc  critjeriti arc fulfilld,  mlc
call t,llclcfore  Cxl)cc,t  tllc  star t o  illcrcasc  i t s  raclius  as t,]lc Il]ass accrctiol}  rate a])~)rcmcllcs
10-4  J14c)/\y.  IIlclcccl,  previous calculat)ic)l]s of }.)ou]IdaIy  layers ill  Synlhioticx  (GodoII 19961.))
lI;lVC SllOWl)  t ha t  t,llc boundary  layer i,cllI])cIatulc  dlo])  ol)scmccl  ill sylllbiotics  Ilcar o])tical

IIltlxilllull]  (wit)l) al] cstilllatc  illcrcasc  of A4 froln 1 0 - 5 to 1(1-4 A40j/~y)  call bc m])lailld  i f
tllc  star il)crcascs its radius  I)y a fidctfor  of 2 or 3. Wc t}lcrcforc  Collcllldc tll?lt tile obscrvd
l)ot~lldary  laycl ](llnil]osity  drc)l~ in syn]hic~t,ic  systcl,js  (AX Pm & ~1 ~yg) is a CO] ISCKIL]CIICC
of tllle  il]crcase of’ tllc  s tel lar  ladius, clue to tllc  cJIc]gy  advcctcd ili tl)e outcl”  stclliil  clivclol).
1]1 YSOS  (l~lJ  orionis), i t  i s  alrcacly  COIIIInOIIly  l)climcd that  L1]C acclctillg  stzir (illiti~illy

a  ‘l’rl’:illri ) illac~iscs i t s  ladius (froln X 21/~j  to % 4 ]i~, )  as i t  accrctcs lllattcr  at ii l~igll
latts.  II C) WCVCI,  c.a]culatiolls sill)ilar to t,llmc l)crfoIII)cd l)y  l’ritilllili & Livio (] 985) aIr s t i l l

lllissi]l~ for ]Jrc lnaill scq LIcIlcc  st~irs Witl]  A4+ % 1 x  114,-.).

All adclitiml?il  illl])orttillt  ]))o])crty  of advcct,  io]) (Iolllillat,ed  {lows  i s  t,llcil a])tit,llclc to
})rodlicc  l)i})olzir  o u t f l o w s  (hTaraya]l  & }’i 19 9 4, 1993). ‘J’lIc ]Icllloulli l)araII-ictcI  is ~msit,ive
ill :I(lvcct)iol)  dol]lillatcd  flows Eilld violcllt  c.ol]vcctiolls  arc li}i(’1~ to [i])])c?ir  cs])w.ia]]y  C](EX!



.,
(

to tile  rotatiol]  a x i s . LJllclcr  tllcsc  c(J]]clitiolls. l)ilmlar  ol]tflows  call e a s i l y  i’or)l~.  lJOIIIJIC

j(~ls to~(,tllcl wit]) (Iiscs  aIc olxm~~(’(1 ill J’C)IIIIF,  S t e l l a r  ol)jects at, radio  frcquellcim  (sm

fol” t’X[llll])lC  tllC ITJJA ill)agc  of 111, g’illl  1)~ l{oclrigucz  Ct al. 1994) and cvcm ill tllc  ol)tical

(11111’1’OW’S,  St a]) ClfCl(lt  & 11’atsoll  1 996).  011(>  gflIcr:Illj’  l)dicvcs  tllc  .Icts to I)c ]Jrocl(lcefl  I)y
tllc nlagllctic  field of’ citllcv  tllc  z~ccrctillg star (~llc IIlagllctosl)llclic  Inodc],  see for rxalll])lc
SIIU (!( al. IXMa  S{ 1), a])d hTajita & S]lu 1994) or tllc.  d i s c  ( t h r o u g h  a ccvltrifugallj’  dril-cll
Tvind Illccllallislll  as prol)osccl  by IIlalldfbl{l  &z l)ay]JC 1982  OJ tllm~lgl~  a magllct  ic l)ICSSLIIC
cx])]osioll  as dcwcrihcl  I)y Sllil)ata & Usllida 1 985).  Magnc[jic  fidcls  arc also ldicvd  t () Iw
r(’slml)si})lr  for disrll])til)g  tllc il)llcr  ])art of accrdion  d i scs ,  ])rovic]ing  thcmforc  aII cx])la  -
lliitioll  f[)l’ t}l<’ illll(T ]Iolc (>l)scrvc’{1  ill tllc (Iiscs of YSos (l\(’Cli\l’itll  ~t al. 1 9 9 0  ;  Skrlltskie
et a ] .  1990: F:dw’al’ds  (!t al. 1993; I;cckwitll  1994). llowc~m. rccmltl llunlcrical calclIl;I -

lio]]s (C; odoII 1996c)  llavc  shown that  tllc  i]lller  ]Jart  o f  tllc  d i s c  ili T’1’allri  s t a r s  call  lW
O]>tical]y  tllill. This ccm]d  a l s o  cx])lai]l  tile  i]l]lcr  1101c obscnd  ill tllcw discs. ‘1’l}crdorc,
advcctjioli  d{)nlinakcl  acc re t ion  flows cou ld  also IJC invokd,  at lcmst ill sonic systons.  as
all a d d i t i o n a l  mccllmis]n  to l)rodllce tllc c)l)scmul  I.)i])c)lar  cmtflows. TogCtl]cr  lvitll  t h i s ,

advmtiml  domil]atecl  flows llavc  a substa]lti:tl  sul)-Kcq~lcriall  rotation law, which could sig-
]lificantly  spill-down  tl)c  accrdi]]g star at IJip,ll  acxrcticm  rtitc, like ill FU Oriolli syst,cnlls,
wllic]l arc bclicwd tc) bc l’q’auri  systmns  ill tcv]l]x)rary  cmtl)ursts. T h i s  ccmlcl  cxl)lain tllc
SIC)W rot, at, ion rate of l’rPduris  stars.

~~. 1I11I’1OWS,  1{. Stapdfe]dt  & A .  ]Vatsoll llavc kil]lilj givcnl  public  ~c.ccss  (tlllo[lg]l

N1’;rJ’S~AI’l;)  to their HS’T  c)l)scr~wtic)xls  c)f l] H-30,  pricw t o  ]mhlicaticm. ‘1’lIc (;ray $u-

l)(:lcoll-l])[ltcl (JPI./~altcxll {~.ray Y-h41>211;/?32?) USCC1 iIl t,llis  iI1vmtigatioI1 M’as I)rovidecl

I)y fundiIlg  f rom tile N A S A  ofliccx of Missic)n tc) Plallct 13artll, Aeronautics,  and Sl)acc
Sc.icn~c.c, ~’llis wcmk w’as pmfomlecl  wllilc  tl]c  autl~c)r l~dd  a  Naticmd Rcmarcll Cc)u]lcil -
( N A S A  .Jd l’rcq)ulsicm  I.aLcwatory) I{cscarcl]  Associatcdli]). This rcxcml’ch  was  canie(l out,
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011 a log-log scale. ~’l]c f ind  squa res  rc])resmlt  tllc lllodcls  for whidl  ( < 0.05, tl)c  cm])ty
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